Background: Gauteng Province has the second lowest tuberculosis (TB) incidence rate in South Africa but the greatest proportion of TB/HIV co-infection, with 68% of TB patients estimated to have HIV. TB treatment outcomes are well documented at the national and provincial level; however, knowledge gaps remain on how outcomes differ across detailed age groups. Methods: Using data from South Africa's National Electronic TB Register (ETR), we assessed all-cause mortality and loss to follow-up (LTFU) among patients initiating treatment for TB between 01/2010 and 12/2015 in the metropolitan municipalities of Ekurhuleni Metropolitan Municipality and the City of Johannesburg in Gauteng Province. We excluded patients who were missing age, had known drug-resistance, or transferred into TB care from sites outside the two metropolitan municipalities. Among patients assigned a treatment outcome, we investigated the association between age group at treatment initiation and mortality or LTFU (treatment interruption of ≥2 months) within 10 months after treatment initiation using Cox proportional hazard models and present hazard ratios and Kaplan-Meier survival curves. Results: We identified 182,890 children (<10 years), young adolescent (10-14), older adolescent (15-19), young adult (20-24), adult (25-49), and older adult (≥50) TB cases without known drug-resistance. ART coverage among HIV co-infected patients was highest for young adolescents (64.3%) and lowest for young adults (54.0%) compared to other age groups (all over 60%). Treatment success exceeded 80% in all age groups (n = 170,017). All-cause mortality increased with age. Compared to adults, young adults had an increased hazard of LTFU (20-24 vs 25-49 years; aHR 1.43 95% CI: 1.33, 1.54) while children, young adolescents, and older adults had lower hazard of LTFU. Patients with HIV on ART had a lower risk of LTFU, but greater risk of death when compared to patients without HIV.
Background
South Africa has the highest incidence of tuberculosis (TB) in the world, with an estimated 781 cases per 100, 000 people in 2016 [1] . Gauteng Province, the most populous of the nine provinces in South Africa and home to the major urban center of Johannesburg, has the second lowest TB incidence rate but greatest proportion of TB/HIV co-infection, with 68% of TB patients estimated to have HIV [1] . Despite HIV being a major risk factor for poor TB treatment outcomes [2, 3] , Gauteng Province has historically maintained a TB treatment success rate greater than the national average (85% vs 80%) [4] .
Knowledge gaps remain regarding how TB treatment outcomes differ by age, especially in countries with high TB/HIV co-infection such as South Africa. Prior studies on TB outcomes have focused on children, adolescents, or adults individually without attention to how TB outcomes differ across the full age spectrum within the same setting. Currently adolescents (10-19 years) are recorded in age groups 5-14 years and 15-24 years, and there is no routine reporting on this specific age group [5] . A thorough comparative analysis of treatment outcomes may help to identify specific age categories that are most vulnerable and should therefore be targeted for interventions or studies to better understand predictors of poor outcomes.
Young adolescents (10-14 years), older adolescents (15-19 years) and young adults (20-24 years) represent a particularly vulnerable population with unique needs for TB management [5] . While transitioning from childhood to adulthood, adolescents establish patterns of behavior and lifestyle choices that affect both their current and future health [6] . In general, adolescents are reported to have poorer adherence to treatment when compared to adults, whereas for children this depends on the care practices of the parents [7, 8] . Available evidence on TB treatment outcomes in these populations are conflicting. Some studies have reported adolescents (10-19 years) have better treatment outcomes, less death, and less severe indicators and co-morbidities than adults (>25 years) [9] , while others report that older adolescents (15-19 years) have high rates of default and treatment failure [10] . Older adolescents and young adults with TB-HIV co-infection have poorer outcomes and are at a high risk of TB treatment discontinuation [11] . The consequences of inadequate and incomplete TB treatment are serious: prolonged illness and disability for the patient, infectiousness of the patient causing continued TB transmission in the community, development of drug resistant TB, and the possibility of death [3] . Considering adult-type pulmonary TB (PTB) is common among adolescents and is often diagnosed late, adolescents can pose a significant transmission risk to the community [12] .
Since there is a lack of evidence on how TB outcomes differ across the full age spectrum within the same setting, this study aims to describe treatment outcomes among children, adolescents, young adults, adults, and older adults on treatment for TB in two metropolitan municipalities in Gauteng Province, South Africa.
Methods

Data source
In 2005, the national Electronic TB Register (ETR) was implemented in South Africa to monitor indicators essential to understanding the burden and management of TB [13] . Along with key TB indicators, ETR captures basic information on HIV status and HIV-related treatment for TB patients. Health facilities enter patient information into two paper registers: one for presumptive TB cases for those who present with symptoms suggestive of TB and a second with key demographic and clinical information on all persons diagnosed with TB disease who initiate treatment (TB register). Laboratory results from the National Health Laboratory Services (NHLS) are sent to the health facility which manually enters the result in the patient's primary medical record, known as the "TB blue card". Presumptive cases who test positive for TB are subsequently recorded in the TB treatment register [13] . The TB registers are sent to the sub-district office, where the information is entered into ETR. Facility level data is aggregated into sub-district and district level for use by the National TB Program (NTP). Finally, the NTP quantifies, monitors, and evaluates data on the TB burden and treatment outcomes.
Our analysis was restricted to ETR data collected between January 2010 and December 2015 in the metropolitan municipalities of the City of Johannesburg and Ekurhuleni Metropolitan Municipality, located in Gauteng Province. The Ekurhuleni Metropolitan Municipality is situated in the Eastern part of Gauteng Province, about 20 km from the largest city in South Africa, Johannesburg, located in the City of Johannesburg Metropolitan Municipality. Both municipalities are highly urbanized, with the majority living in urban settlements ranging from informal settlements to residential suburbs.
Exclusions
We excluded patients who were entered into ETR but did not have TB (e.g. those who had received isoniazid [INH] prophylaxis/INH preventive therapy [IPT]). We also excluded those who had missing age information and those who transferred into TB care from sites outside the two metropolitan municipalities because we did not have information on their treatment history (i.e. baseline characteristics such as smear status, diagnosis method, etc.). In addition, patients were excluded if they had evidence of drug resistance. Starting in 2013, there was national coverage of Xpert MTB/RIF (Cepheid, USA) resulting in universal testing for rifampicin (RIF) resistance in patients who had a positive Xpert MTB/ RIF test [3] . Further testing for INH or second-line TB drug susceptibility is not routinely performed in RIF susceptible patients. Prior to 2013, drug susceptibility testing (DST) was only performed for retreatment cases, individuals who failed to smear convert after 2 months of intensive treatment, in cases of treatment failure, and in close contacts of people with known drug resistance [14] . Consistent with prior work [15] , our analyses of TB outcomes further excluded patients who were still on treatment and patients who transferred out or for whom no treatment outcome had been assigned.
Measures
We categorized patients into children (<10 years), young adolescents (10-14 years) [14, 16] , older adolescents (15-19 years) [17, 18] , young adults (20-24 years) [18] , adults (25-49 years), and older adults (≥50 years) [19] . Additional demographic information included district within Gauteng (Ekurhuleni Metropolitan Municipality, City of Johannesburg) and sex (male, female).
Patients were classified as bacteriologically confirmed if they were diagnosed through Xpert MTB/RIF (Cepheid, USA), smear microscopy or culture. If aspiration/ biopsy or cerebral spinal fluid (CSF) was listed, the case was considered bacteriologically confirmed although the corresponding laboratory method was unknown. Patients diagnosed via X-ray or tuberculin skin test (TST) were classified as clinically diagnosed, while those missing diagnostic information were considered to have an unknown case definition. Patients were also categorized as new, previously treated (relapse, retreatment after failure, retreatment after loss to follow-up/default), or unknown previous TB treatment history [3] .
During the study period, care was provided according to the South African national TB treatment guidelines [3] . In adults, the standard fixed dose regimen (regimen 1) comprised a two month long intensive phase of treatment with rifampicin (R), isoniazid (H), pyrazinamide (Z), and ethambutol (E) (2 RHZE) followed by a four month continuation phase of daily R and H (4 RH) [3, 14] . Prior to 2013 before the retreatment regimen was discontinued [3] , TB patients who required retreatment (e.g. due to treatment interruption or recurrence of disease) would have received the retreatment regimen containing streptomycin (S) in addition to RHZE over a longer duration (regimen 2; 2HRZES/1HRZE/5HRE). Children receive the same standard fixed dose regimen (regimen 1), except that the dosage (mg/day) is reduced, or a regimen of only RHE.
Additional TB treatment information included smear status at treatment initiation (positive, negative or missing), registration year (2010-2015), classification of disease (pulmonary TB, extra-pulmonary TB), cotrimoxazole prophylaxis (yes, no, missing/unknown), intensive phase directly observed treatment short-course (DOTS) supervision (yes, no, unknown/missing) and continuation phase DOTS supervision (yes, no, unknown/missing).
HIV status was categorized into HIV positive on ART, HIV positive not on ART, HIV positive with unknown ART status, HIV negative, and HIV status unknown. We report whether ART was initiated prior to or after TB treatment starting in 2014 when ETR began to capture ART start date. We also reported the CD4 count (cells/ mm 3 ) for HIV positive patients where available. Sputum smear conversion was defined as two consecutive negative smears at least 30 days apart among those who were smear positive at baseline. We assessed smear conversion within two months of treatment initiation in addition to smear conversion at any time point during treatment.
Treatment outcomes were defined as cured, completed, failed, lost to follow-up, all-cause mortality, or transferred out (Table 1) in accordance with WHO definitions and reporting framework for TB [20] . Treatment duration typically lasts 6 months for pulmonary TB while extrapulmonary TB cases have their own defined duration in accordance with national guideline [3] . In some instances, the treatment duration may be extended. Reasons include: 1) the intensive phase could be extended to 3 months in the absence of smear conversion, defined as remaining AFB+ after 2 months of treatment, 2) the continuation phase could be extended to 9 months in the event of severe or complicated disease, 3) if a treatment interruption occurred lasting <2 months, treatment could be extended by the number of days that the patient did not take treatment without restarting treatment from the beginning and 4) when the retreatment regimen 2 (2HRZES/1HRZE/ 5HRE) was still being used (prior to 2013), the duration of treatment for previously treated cases was 8 months instead of 6 months for new pulmonary TB cases [3, 14] . Since the majority (98%) of patients have a treatment outcome assigned within 10 months after treatment initiation we opted to report treatment outcomes at this point.
Statistical analysis
We summarized demographic and treatment information by age group using proportions for categorical variables and median and interquartile range (IQR) for continuous variables. Treatment outcomes are described as reported in ETR, within 10 months after treatment initiation, by age group.
The primary outcomes of interest included all-cause mortality and loss to follow-up (treatment interruption of ≥2 months). Patients were followed from the start of TB treatment until the earliest of death, loss to follow-up, or outcome within 10 months after TB treatment initiation.
We investigated the association between age group (at start of TB treatment) and all-cause mortality and loss to follow-up using Cox proportional hazard models. Variables with a p-value less than 0.25 in the univariate analysis along with a priori variables (e.g. age, sex, disease classification, HIV status) were included in the final multivariate model. We present the hazard ratio and corresponding 95% confidence interval. We used Kaplan-Meier survival curves to display survival probabilities from TB treatment initiation within 10 months of follow-up for both all-cause mortality and loss to follow-up.
Sensitivity analysis included all-cause mortality and loss to follow-up among all patients who had a treatment outcome assigned in ETR, regardless of when the outcome occurred. We also used the method of Fine and Grey, competing risks regression as an alternative to Cox regression for time to event data in the presence of a competing risk (e.g. death) [21] [22] [23] .
We used STATA Version 15 (StataCorp, Texas, USA) for all analyses. Ethics approval for this study was granted by the Human Research Ethics Committee (Medical) of the University of the Witwatersrand, Johannesburg (protocol M160971). The study was a retrospective review of programmatic data and a waiver of informed consent was granted to retrospectively review these records.
Results
We identified 208,453 ETR records in the City of Johannesburg and Ekurhuleni Metropolitan Municipality between January 2010 and December 2015. Of these patients, 25,563 were not eligible for our study, leaving a sample of 182,890 children, adolescent, young adult, adult, and older adult TB cases (Fig. 1) . The sample represented 53.2% (n = 343,954) and 6.7% (n = 2,738,481) of the total number of all cases reported in ETR for Gauteng Province and South Africa, respectively during the same period, was predominately from the City of Johannesburg (64.9%) and cases were distributed evenly across registration year (Table 2) .
Although the sample was 45% female overall, the older adolescent and young adult age groups were disproportionately female (60.5% for both groups). The majority of cases were diagnosed with pulmonary TB (83.5%), were new cases (94.2%), and were bacteriologically confirmed (69.1%). Bacteriologic confirmation was low among children (6.9%) and young adolescents (52.6%) and over 70% for older adolescents, young adults, adults, and older adults. Smear microscopy was the most common method of diagnosis in the overall sample (47.7%). The proportion of cases diagnosed by Xpert MTB/RIF was 15.6% overall but increased from 0% in 2010 to 63.0% by the end of the study period. In 2015, diagnosis by Xpert remained low for children (5.7%) and young adolescents (41.3%) but was common for older adolescents (70.7%), young adults (72.6%), adults (69.0%), and older adults (68.7%). [17] Outcome Definition Cure Patient whose baseline smear (or culture) was positive at the beginning of the treatment and is smear / culture negative in the last month of treatment and on at least one previous occasion at least 30 days prior.
Treatment completed Patient whose baseline smear (or culture) was positive at the beginning and has completed treatment but does not have a negative smear / culture in the last month of treatment and on at least one previous occasion more than 30 Lost to follow-up A patient whose treatment was interrupted for two consecutive months or more.
Not evaluated A patient for whom no treatment outcome is assigned. (This includes cases "transferred out" to another treatment unit and whose treatment outcome is unknown).
Treatment Success
The sum of cured and treatment completed.
Two-thirds (64.7%) of the TB cases were co-infected with HIV. Co-infection was highest among adults (76.1%) followed by older adults (55.4%), young adolescents (49.2%), young adults (48.9%), older adolescents (35.3%), and children (18.2%). Overall, 60.4% of HIV positive cases (71421/118326) were on ART while 25.1% were not and 14.5% had an unknown status. ART coverage patients was highest for young adolescents (64.3%) Smear conversion at two months is two consecutive negative smears at least 30 days apart within two months of treatment initiation. One smear is sent monthly for smear microscopy f Any smear conversion is two consecutive negative smears at least 30 days apart at any time after treatment initiation. Ascertained at the end of treatment and lowest for young adults (54.0%) compared to other age groups (all over 60%). Among cases that were smear positive at treatment initiation and had at least two available smear results within the relevant time period, a majority (93.3%; 56628/60697) achieved smear conversion by the end of follow up and approximately two-thirds (68.7%; 22476/ 32737) achieved smear conversion by two months.
By 10 months of follow-up, 51.5% of all TB cases (n = 182,890) completed treatment, 30.4% were cured, 5.4% had died, 5.5% were lost to follow-up, and 0.2% experienced treatment failure ( Table 3 ). The remaining 7.0% were still on treatment or transferred out. The proportion of patients with a successful outcome (cured or treatment completion) declined with age, with the greatest decreases observed between the <10 (91.6%), 10-14 (90.8%), 15-19 (86.5%), and 20-24 (82.0%) age groups.
Among cases with a treatment outcome within 10 months (n = 170,017), 5.8% had died and 5.9% were lost to follow-up (Table 4) . Death was similar across sexes (5.9% for women vs 5.8% for men); however, we observed significantly less loss to follow-up among women than men (aHR 0.77, 95% CI: 0.74, 0.81). The proportion of deaths increased with age from 1.2% among children to 11.0% among older adults. Figure 2a shows the probability of survival within 10 months, by age group. Patients younger than 25 years had lower hazard of death than adults aged 25 to 49 while older adults had significantly elevated hazard of death (aHR 2.13, 95% CI 2.03, 2.23).
By age, the highest proportion of cases resulting in loss to follow up was observed among young adults (8.3%). Figure 2b shows the probability of retention in care over within 10 months by age group. The hazards of loss to follow-up was significantly elevated for young adults (aHR 1.43, 95% CI: 1.33, 1.54) compared to adults aged 25-49. Children, young adolescents and older adults had significantly lower hazards of loss to follow-up compared to adult patients.
Previous TB treatment was associated with death (aHR 1.23, 95% CI 1.13, 1.35) and loss to follow-up (aHR 1.74, 95% CI 1.61, 1.88) compared to new TB cases, as was unknown treatment history. Lack of treatment supervision during the continuation phase (as reported in ETR) had a strong association with both death (aHR 7.81, 95% CI 6.20, 9.84) and loss to follow-up (aHR 12.56, 95% CI 9.42, 14.40). Patients with extra-pulmonary TB had significantly greater hazards of death (aHR 1.22, 95% CI 1.16, 1.28) but not loss to follow-up (aHR 1.02, 95% CI 0.97, 1.08). Similarly, clinically diagnosis was significantly associated with death compared to bacteriological confirmation (aHR 1.36, 95% CI 1.28, 1.43), but clinical diagnosis was not associated with increased hazards of loss to follow-up (aHR 1.02, 95% CI 0.97, 1.09).
When compared to patients without HIV, patients with HIV on ART had slightly lower hazard of loss to those with an unknown HIV status also had an increased hazards of loss to follow-up and death than those without HIV. Compared to cases included in outcome analyses, a higher proportion of excluded patients (n = 12,873) were previously treated and had extra-pulmonary TB (Table 5) . Furthermore, only 14.4% of excluded patients who were smear positive at initiation converted at two months compared to 70.9% of those included in the analysis, suggesting that excluded cases may have been more complicated patients who required extended treatment. Despite these differences, the sensitivity analyses for allcause mortality and loss to follow-up including those still on treatment ≥10 months yielded similar findings to the primary models (Table 6) . Similarly, the subdistribution hazard ratios for loss to follow-up by age group were similar to the hazard ratios obtained in the primary and the sensitivity analysis, even when accounting for the competing risk of death.
Discussion
Among persons treated for TB in the City of Johannesburg and Ekurhuleni Metropolitan Municipality between 2010 and 2015, we found that a successful clinical outcome was achieved in excess of 80% in all age groups. All-cause mortality increased with age, loss to follow-up was greater in older adolescents than younger adolescents, and young adults ages 20-24 had the highest rates of loss to follow-up. Furthermore, young adults with HIV were less likely to be on ART than other age groups. Our findings indicate that older adolescents and young adults are a key group to target for interventions to improve retention, thus improving success rates. While previous evidence on TB outcomes across age groups is not definitive, others have observed poor outcomes in older adolescents and young adults in South Africa [24] . A similar study in Cape Town from 2009 to 2013 also identified greater treatment success in young adolescents compared to older adolescents and young adults and that both TB deaths and loss to follow-up increase with age. A study from the Western Cape using ETR data from 2011 reported that older adolescents and Table 5 Comparison of participants who were still on treatment or transferred out (n = 12,873) compared to those included in the final outcomes analysis (n = 170,017) (Continued) Smear conversion at two months is two consecutive negative smears at least 30 days apart within two months of treatment initiation. One smear is sent monthly for smear microscopy e Any smear conversion is two consecutive negative smears at least 30 days apart at any time after treatment initiation. Ascertained at the end of treatment Sub-distribution hazard ratios from competing risk regression model proposed by Fine and Gray where death is considered a competing risk c Bacteriologically confirmed includes Xpert MTB/RIF, smear, or culture (and if aspiration/biopsy or cerebral spinal fluid (CSF) was listed, although the corresponding laboratory method was unknown). Clinically diagnosed includes X-ray and tuberculin skin test young adults were at greatest risk of treatment noncompletion, especially among those living with HIV [11] . Despite numerous calls to prioritize research aimed at improving clinical outcomes in these age groups [1, 25] , little progress has been made. A systematic review of barriers to TB treatment initiation in sub-Saharan Africa found that the experiences of children and youth were not well described and the authors did not identify any studies exploring loss to follow up as a function of age [26] . Clearly, much work must be done in this age group in order to understand the best approaches to retain adolescents and young adults in care and promote treatment success.
Nearly two-thirds (65%) of our study population was HIV co-infected, which falls within the range of the national estimates for 2015 (59%) and those observed from Johannesburg alone (71%) [14, 27] . HIV is a well-known risk factor for TB mortality, especially among those who are not on ART [2, 3] . Accordingly, we observed increased hazards of death in patients with HIV who were not on treatment. While South African guidelines recommend ART initiation in all HIV/TB co-infected patients, there was a lower percentage (71%) of ART coverage among persons with complete HIV and ART data in our study than that previously reported at the provincial level (90%). This discrepancy may be influenced in part by the extent of missing data in our study or that our study is limited to the metropolitan municipalities of the province. Additionally, people living with HIV who were not on ART had higher hazards of LTFU. There are inferable mechanisms for how ART might improve retention in TB care: co-infected patients on ART may have greater health-seeking behaviour or care and follow up for TB may be more intensive among those also receiving ART. If being on ART can improve LTFU, this may further support early initiation of ART through test-and-treat approaches. We also observed that ART coverage was lowest among young adults (54%), further evidencing an important service delivery gap in this age group. Increasing ART coverage is important for both preventing TB and improving TB outcomes [28] , and collaborative TB/HIV activities have been recommended as a strategy for national programs [29] . However significant barriers to scale up of these activities persist in South Africa [30] [31] [32] [33] . For example, routine provision of isoniazid prophylaxis in people living with HIV and rapid initiation of ART among co-infected persons have been identified as the least available TB/HIV services in public medical facilities [33] .
While we observed greater all-cause mortality in older age groups, it is possible some deaths may have been attributable causes other than TB (e.g. poorer underlying health, untreated comorbid conditions etc.). On the contrary, older people with TB may have more complex TB disease with longer delays to diagnosis (as sputum smears have fewer bacilli, and patients exhibit a lower frequency of fever and haemoptysis) and often suffer from more adverse events and comorbidities that may affect treatment outcomes, including death [34] . Older patients also have a higher probability of treatment failure and of mortality due to tuberculosis [35] . For these older age groups, more aggressive screening and management of comorbid conditions and routine screening of kidney and liver function to ensure appropriate dosing in this population may help to improve treatment outcomes. Nonetheless, frequent monitoring of the TB burden in older age groups, especially in the subset of older people living with HIV, is warranted to allow health policy makers and care providers to plan for meeting the needs of this population [35] .
We also observed differences in treatment outcome by sex and TB disease characteristics. First, women in our study had lower hazards of LTFU than men. It has long been known that women tend to adhere better and complete TB treatment more often than men. While the exact reasons are still unknown, this phenomenon has been documented across settings [36] [37] [38] . Second, patients with EPTB had greater hazards of death. While EPTB is more often seen in young children, young children in our study had the lowest hazards of death, thus EPTB is likely not merely a proxy for age. Rather, this may represent delayed diagnosis or greater severity or more advanced disease from co-morbid conditions such as HIV. Lastly, previous TB treatment was associated with both death and LTFU. It is possible that retreatment cases have more extensive lung damage, undetected drug resistant, or comorbidities resulting from a previous TB episode, such as chronic pulmonary obstructive disorder, that could affect outcome of subsequent TB treatments.
Our study has a number of limitations. Issues related to the accuracy of completeness of national data are well described [13, [39] [40] [41] . While data on sex and age are highly reliable, data on HIV status, ART status, and treatment outcome require improvement. Earlier version of ETR did not have provision for Xpert MTB/RIF results and cases were entered under smear microscopy. Data used in this study were retrospective, routinely collected, and de-identified. Due to this, we were unable to verify HIV status, ART use, CD4 counts or pursue validation of bacteriologic confirmation via the National Health Laboratory Service. Similarly, we were not able to link TB programmatic outcome data to vital statistics registers or accurately determine mortality due to TB. It is possible that some patients considered as lost to follow up actually died and are thus misclassified in the present analysis. As noted in previous analyses, the ETR data were subject to missingness [13] , particularly in records of treatment supervision. Since clinic staff may have made errors in the transcription of treatment supervision or had different understandings of how supervision was defined, we are cautious about overinterpretation of this variable. Finally, patients who were still in care at 10 months, transferred out, or were missing an outcome were excluded from the outcome analysis, which may have introduced selection bias as the excluded patients appeared have more severe cases on TB. However, a sensitivity analysis including patients still on treatment yielded similar results.
Conclusions
Results from this study provide important insight for the planning and implementation of TB and HIV activities and tailoring of health services to the needs of different age and risk groups. Young adults in urban areas of Gauteng Province experience a disproportionate burden of LTFU and low coverage of ART among co-infected patients. This group should be targeted for interventions aimed at improving clinical outcomes and retention in both TB and HIV care. In addition, as people with HIV in low-and middle-income countries who start treatment early experience near-normal life expectancy, health care systems need to prepare for the increase of TB in aging populations that are more difficult to treat and have worse outcomes. 
